Introduction {#sec1}
============

Hemophilia B is an X-linked congenital hemorrhagic disease that is caused by a deficiency or dysfunction of coagulation factor IX (FIX). Disabled FIX results in bleeding manifestations, and severe hemophilia B-induced recurrent spontaneous hemarthrosis could result in deformity. In addition, intracranial hemorrhage would threaten patient life.[@bib1]^,^[@bib2] Mainstream treatment relies on an additional plasma-derived or recombinant FIX protein injection for on-demand or prophylaxis administration. However, this strategy is expensive and hard to sustain because of the cost of recombinant proteins and frequent infusion.[@bib3] More importantly, inhibitors might be induced by recombinant FIX protein,[@bib4] and it would make the treatment of such patients more complicated and difficult. Adeno-associated virus (AAV)-mediated gene therapy provides a promising treatment approach for remedial expression of FIX. It has been confirmed that applying AAV, delivering a transgene expressing hyperactive FIX variant, could achieve sustained expression of FIX.[@bib2] Nevertheless, the virus genome could be lost during cell turnover due to the non-integrating character of AAV. When applied in liver-directed gene therapy, it might lead to a decline in therapeutic effects along with hepatocyte division.[@bib5] Loading AAV with genome-editing elements for targeted gene modification of host DNA might be a promising solution. With the aid of genome-editing tools, especially the emergence of CRISPR-Cas9, this targeted site genome-editing strategy has been tested in hemophilia B,[@bib6] mucopolysaccharidosis,[@bib7] Duchenne muscular dystrophy (DMD),[@bib8] and tyrosinemia.[@bib9]

In our previous work, we developed a dual AAV system for transferring the CRISPR-Cas9 system-mediated homology-directed repair (HDR) to correct an ornithine transcarbamylase (OTC) point mutation in the liver of neonatal OTC-deficient mice. Mutations could be corrected in nearly 10% of hepatocytes, and survival increased in mice challenged with a high-protein diet.[@bib10] Based on these targeted-site gene modifications mediated by AAV, we hoped to develop a more universal liver-directed therapeutic technology compatible for other genetic mutations. Replacement of the entire gene with an episomal expression from the normal gene could reverse the clinical picture for some monogenetic diseases. However, most monogenic genetic diseases such as hemophilia B are induced by different mutations scattered in one gene, and a genome-editing strategy tackling multiple defects at different positions in the same gene would make a genome modification approach more complex. Targeting and integrating the remedial gene at a specific and safe locus might overcome the obstacle. Recently, we successfully recovered FIX expression through *in situ* integration.[@bib6] However, the *FIX* integration strategy *in situ* is limited by insufficient expression of the endogenic *FIX* promoter. In our previous research, we increased vector dosage for AAV8.SaCas9 by 5-fold in combination with increased donor vector doses. The increments of FIX protein activity levels were insignificant, and the expression level of FIX was nearly 10%.[@bib6] Although this approach could recover FIX expression to the therapeutic level, the limitation of this approach is that a vector-targeted *FIX* locus cannot be flexibly applied to other genetic diseases. Albumin (Alb) is a liver-directed protein that has high transcriptional activity.[@bib11] It provides an ideal versatile platform for multifarious therapeutic transgene integration. Sharma et al.[@bib11] applied zinc finger nuclease (ZFN)- mediated targeting the *Alb* locus to correct disease phenotype in mouse models of hemophilia A and B. However, this approach of ZFNs-mediated *in vivo* gene therapy requires co-transduction of three AAV vectors in the same hepatocyte, which would limit the therapy efficiency in clinical application. In addition, more vectors might trigger innate immunity response and influence the outcome of clinical gene transfer.

In this study, we developed a simpler and more universal liver-targeted dual AAV system loaded with CRISPR-Cas9 and verified the treatment effect on hemophilia B mice. By integrating codon-optimized partial human *FIX* (*hFIX*) in the mouse *Alb* (*mAlb*) locus, we successfully improved the coagulation function in both neonatal and adult hemophilia B mice. The treated mice survived a two-thirds partial hepatectomy challenge. hFIX expression from hepatocytes was efficient and sustained. Hence, we established a practical therapeutic strategy with high HDR frequency, more efficient FIX expression, and lower vectors dose, which would be well suited for many other genetic diseases, including those that are induced by dysfunctional proteins.

Results {#sec2}
=======

Development of a Dual AAV Vector System for Cas9-Mediated *hFIX* Gene Integration {#sec2.1}
---------------------------------------------------------------------------------

Based on our previous work,[@bib6] we aimed to develop a high-efficiency CRISPR-mediated gene integration vector for hemophilia B treatment. Following Cas9-induced double-strand breaks (DSBs), the codon-optimized, promoterless *hFIX* cDNA sequence spanning exon 2 to exon 8 and carrying hyperactive Padua mutation (hFIXco-Padua)[@bib12] would be integrated into the first *mAlb* intron. This would lead to the transcription of a chimeric *m-hFIX* mRNA by the strong *mAlb* promoter. In addition, the first *mAlb* exon would encode a universal secretory peptide, so that protein hFIX would be expressed and secreted after the specific integration ([Figure 1](#fig1){ref-type="fig"}A). We designed and engineered four single guide RNA (sgRNAs) ([Table S1](#mmc1){ref-type="supplementary-material"}) targeting *mAlb* intron 1, and confirmed their activities *in vitro* in the murine cell line, H2.35, via Surveyor nuclease assays. We observed cleavage at frequencies ranging from 14.1% to 50.3% ([Figure 1](#fig1){ref-type="fig"}B), and sgRNA4 had a higher on-target editing efficiency than did the other three sgRNAs; hence, it was selected for subsequent studies. Next, we constructed AAV vectors for *in vivo* liver-directed *hFIX* integration. One vector expressed the SpCas9 gene from an engineered truncated liver-specific promoter, a shortened version of the liver-specific thyroxine binding globulin promoter (TBG-S1)[@bib13] (referred to as AAV8.SpCas9). The targeting donor vector encoded sgRNA4 and hFIXco-Padua, followed by bovine growth hormone (bGH) poly(A) and was flanked by length-optimized homology arms 0.5-kb on the 5′ side and 0.7-kb on the 3′ side (referred to as AAV8.sgRNA.donor) ([Figure 1](#fig1){ref-type="fig"}C). The untargeted donor vector contains all elements except for the 20-nt target sequence of the sgRNA (referred to as AAV8.control.donor). These vectors were produced for treatment of hemophilia B mice with the dual AAV system.Figure 1*In Vivo* Genome Editing of Albumin Locus in Mouse Liver by AAV.CRISPR-Cas9(A) Schematic illustrating albumin targeting strategy. (B) *In vitro* validation of sgRNAs targeted to *mAlb1* in the H2.35 mouse cell line by transient transfection and Surveyor nuclease assays. sgRNA4 showed the highest efficiency in inducing indels in the targeted loci and was therefore chosen for subsequent studies. Arrows denote Surveyor nuclease cleaved fragments of the *Alb* PCR products. Results were replicated in two independent experiments. (C) Dual AAV vector system for liver-directed and SpCas9-mediated gene insertion. The AAV8.sgRNA.donor vector encoded a promoterless *hFIX* cassette containing exons 2--8 of the *hFIX* gene flanked by a SA signal and a poly(A) (PA) sequence.

Efficacy of *In Vivo* Gene Integration in Adult and Neonatal Hemophilia B Mouse Liver via Dual AAV Strategy {#sec2.2}
-----------------------------------------------------------------------------------------------------------

To determine the optimal donor vector dose for *in vivo* gene integration, we performed tail vein injection with 9 × 10^10^ genome copies (GC) of AAV8.SpCas9 and either 9 × 10^10^, 2.7 × 10^11^, or 4.5 × 10^11^ GC of the AAV8.sgRNA.donor vector. After 4 weeks of injection, we detected hFIX expression in the liver via immunofluorescence ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B) and measured plasma hFIX protein levels by an enzyme-linked immunosorbent assay (ELISA) ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Increasing the donor vector dose resulted in a significant increase in hFIX expression in the liver and plasma. We selected the highest donor dose (4.5 × 10^11^ GC/mouse) for subsequent experiments to obtain a better therapeutic effect. In adult mouse experiments, we treated 8-week-old male hemophilia B mice with 9 × 10^10^ GC of AAV8.SpCas9 and 4.5 × 10^11^ GC of AAV8.sgRNA.donor. Untargeted hemophilia B mice were injected with 9 × 10^10^ GC of AAV8.SpCas9 and 4.5 × 10^11^ GC of AAV8.control.donor. Plasma hFIX was measured via ELISA, starting at the week of injection ([Figure 2](#fig2){ref-type="fig"}A). Plasma hFIX levels plateaued at 40% of normal levels in targeted mice. For the untargeted and untreated groups, hFIX plasma levels were hardly detectable, suggesting that in the targeted group, hFIX expression was a result of on-target editing. The activity of hFIX, as determined by activated partial thromboplastin time (aPTT) in targeted mice, showed above-normal levels (162% ± 29% of normal) of activity owing to the hFIXco-Padua incorporated into the donor vector ([Figure 2](#fig2){ref-type="fig"}B). We sacrificed mice at 16 weeks post-injection and harvested liver samples. Liver tissue sections were analyzed by immunofluorescence for hFIX expression. No signal (\<1%) was detected in untreated and untargeted mice. Targeted mice showed significantly higher numbers of hFIX-expressing cells ([Figure 2](#fig2){ref-type="fig"}C). Next, for evaluating the treatment effect at the neonatal stage, we performed temporal vein injection with AAV8.SpCas9 (3 × 10^10^ GC/mouse) and AAV8.sgRNA.donor (1.5 × 10^11^ GC/mouse) in newborn male hemophilia B mice. Plasma hFIX was measured by ELISA, beginning at 4 weeks post-injection. For the targeted group, plasma hFIX levels plateaued at 120% of the normal levels ([Figure 2](#fig2){ref-type="fig"}C), and hFIX activity increased more than 500% (590% ± 61%) of normal ([Figure 2](#fig2){ref-type="fig"}D). We performed two-third partial hepatectomy on the targeted mice at 14 weeks post-injection and harvested the liver samples. All five mice survived the procedure without complications or interventions. hFIX expression and activity levels remained stable until the end of the study (week 48) ([Figures 2](#fig2){ref-type="fig"}C and 2D). For the untargeted and untreated groups, hFIX protein and activity levels were hardly detectable ([Figures 2](#fig2){ref-type="fig"}C and 2D). We sacrificed a subset of control vector-treated mice (n = 3) at 14 weeks post-injection and harvested liver samples to serve as controls. Excisional liver tissue sections were analyzed by immunofluorescence for hFIX expression. No obvious signal was observed in the untreated and untargeted groups. Targeted animals showed obvious patches of hFIX-expressing cells in the liver. Morphometry indicated that an average of 15% of the hepatocytes from targeted mice 14 weeks post-injection expressed hFIX. Liver samples of the targeted group collected at 48 weeks post-injection showed a similar hFIX expression level (14.8% ± 2%) ([Figure 2](#fig2){ref-type="fig"}F), which indicated the persisted hFIX expression even after a two-thirds partial hepatectomy. These results demonstrated that this dual AAV system could recover the coagulation function in both adult and newborn hemophilia B mice.Figure 2Efficient Restoration of hFIX Expression in Hemophilia B Mice Treated by Dual AAV8 Strategy(A) Plasma hFIX was measured by ELISA following tail vein injections of 8-week-old male hemophilia B mice with the AAV8.SpCas9 (9 × 10^10^ GC/mouse) and AAV8.sgRNA.donor (4.5 × 10^11^ GC/mouse) (n = 5). Untargeted hemophilia B mice received AAV8.SpCas9 (9 × 10^10^ GC/mouse) and AAV8.control.donor (4.5 × 10^11^ GC/mouse) (n = 5). Untreated hemophilia B mice (n = 5) were included as control. (B) hFIX activity in adult-treated hemophilia B mouse plasma. (C) Plasma hFIX was measured by ELISA following temporal vein injections of newborn male hemophilia B mice with the AAV8.SpCas9 (3 × 10^10^ GC/mouse) and AAV8.sgRNA.donor (1.5 × 10^11^ GC/mouse) (n = 5). All targeted mice were subjected to two-thirds partial hepatectomy (PH) 14 weeks after vector treatment. Untargeted hemophilia B mice received AAV8.SpCas9 (3 × 10^10^ GC/mouse) and AAV8.control.donor (1.5 × 10^11^ GC/mouse) (n = 6). Three untargeted mice were sacrificed at week 14 for analyses. Untreated hemophilia B mice (n = 3) were included as control. (D) hFIX activity in hemophilia B mouse plasma after neonatal vector treatment. (E) Immunofluorescence staining with antibodies against hFIX (red) with 4′,6-diamidino-2-phenylindole (DAPI) nuclear counterstain (blue) on liver sections, which were treated as adults collected at 16 weeks after injection (left). Scale bars, 100 μm. Quantification of gene expression was based on the percentage of area on liver sections expressing hFIX by immunostaining (right). (F) Immunofluorescence staining with antibodies against hFIX with DAPI nuclear counterstain on liver sections, which were treated as newborns collected at 14 and 48 weeks after injection (left). Scale bars, 100 μm. Quantification of gene expression was based on the percentage of area on liver sections expressing hFIX by immunostaining (right). Error bars represent mean ± SEM. Dunnett's test. n.s., not significant.

On-target Indel Frequency and HDR-Mediated Gene Integration Efficiency {#sec2.3}
----------------------------------------------------------------------

For analyzing the editing efficiency, we extracted liver tissue DNA from adult hemophilia B mice at 16 weeks after vector treatment. Then, we analyzed the on-target indel effect via next-generation sequencing (NGS) of PCR amplicons of the targeted *mAlb* locus. We observed evidence of indel at the desired site in all targeted mice. The indel frequency was 21%--34%, whereas untreated or untargeted mice had background levels of 0.9% and 1% ([Figure 3](#fig3){ref-type="fig"}A). Neonates treated with the targeting vector had a mean indel frequency of 32.8% (26.1%--40.1%, n = 5) at week 14 and 33.4% (28.2%--41%, n = 5) at week 48 ([Figure 3](#fig3){ref-type="fig"}B). Untargeted mice had background levels of 1% and 1.1% at 14 and 48 weeks, respectively, similar to untreated mice ([Figure 3](#fig3){ref-type="fig"}B).Figure 3Indel and HDR-Mediated Gene Integration Efficiency and Transgene Expression AnalysesLiver mRNA and DNA were isolated from hemophilia B mice at 14, 16, and 48 weeks after treatment with dual gene integration vectors or untargeted vectors. DNA and mRNA from untreated hemophilia B mice served as control. Indel analysis on the *mAlb* locus was analyzed by NGS on liver DNA. HDR-mediated gene integration was analyzed by LM-PCR following digestion with XbaI on liver DNA. The pooled PCR amplicons were performed by NGS. Chimeric *m-hFIX* mRNA levels in liver were measured by qPCR using primers spanning the junction of *mAlb* and *hFIX* cDNA. (A) Indel frequency in mice treated as adults. (B) Indel frequency in mice treated as neonates. (C) HDR frequency in mice treated as adults. (D) HDR frequency in mice treated as neonates. (E) Quantification of chimeric *m-hFIX* mRNA levels in the liver treated as adults and neonates. Symbols represent individual mice. Means ± SEM are shown. Dunnett's test. n.s., not significant.

To characterize the editing results in the targeted *mAlb* locus and calculate the gene integration efficiency at the DNA level, we applied a method called ligation-mediated PCR (LM-PCR), and coupled it with NGS ([Figure S2](#mmc1){ref-type="supplementary-material"}). We first digested the genomic DNA isolated from adult and newborn groups after vector injection using XbaI, which had recognition sites in the homology arms and in the donor vector. After digested DNA was ligated to an XbaI-compatible linker, we proceeded with LM-PCR to generate similar sizes of PCR amplicons from untreated, untargeted, and targeted *mAlb* loci. After the third round of amplification, PCR amplicons were followed by NGS. We analyzed the mapped reads to calculate the ratio of reads containing the expected hFIXco-Padua sequence and total mapped reads, and defined it as HDR-mediated gene targeting efficiency. The targeted mice (n = 5) treated as adults showed a targeting efficiency of 3.8% ± 0.8% ([Figure 3](#fig3){ref-type="fig"}C). The untreated (n = 3) and untargeted mice (n = 5) showed background levels of \~0.1% ([Figure 3](#fig3){ref-type="fig"}C). The targeted mice treated as neonates showed similar targeting efficiency at 14 weeks (8.2%--16.1%) and 48 weeks (8.9%--15.9%) after vector injection liver samples ([Figure 3](#fig3){ref-type="fig"}D). The untargeted and untreated mice showed background levels of \~0.1% ([Figure 3](#fig3){ref-type="fig"}D). These observations confirmed that *hFIX* integration occurred at the expected *mAlb* genome locus.

Expression of hFIX after Treatment with the Targeting Vector {#sec2.4}
------------------------------------------------------------

We measured chimeric *m-hFIX* mRNA copies in liver harvested at 16 weeks post-injection for adult animals, 14 and 48 weeks post-injection for neonatal mice. Via reverse transcription, followed by quantitative PCR (qPCR) using primers spanning the junction of *mAlb* and *hFIX*, we calculated *hFIX* expression. We detected high levels of the chimeric mRNA in both adult and neonatal targeted groups but did not observe differences in these levels between weeks 14 and 48. Untreated and untargeted mice showed baseline levels ([Figure 3](#fig3){ref-type="fig"}E). These data confirmed the expected expression of chimeric *m-hFIX* mRNA.

Off-target Efficiency and Toxicity Evaluation of the Dual AAV System Treatment {#sec2.5}
------------------------------------------------------------------------------

For evaluating the off-target activity of sgRNA4 *in vivo*, we designed primers encompassing 10 of the most probable off-target loci for sgRNA4. The top 10 sites were predicted by the online tool Benchling (<https://www.benchling.com>; [Tables S1](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}). Amplicons of these sequences were generated by PCR on liver genomic DNA extracted at 16 weeks after vector treatment of adult mice and 48 weeks after vector treatment of newborn mice. Then, we quantified the indel by NGS in the predicted off-target regions. We observed similar indel percentages in these loci from mice treated with targeted vectors compared to untreated mice ([Figures 4](#fig4){ref-type="fig"}A and 4B), suggesting that sgRNA4 is highly specific for its intended target sequence.Figure 4*In Vivo* Off-target Validation on Liver DNA Samples(A) NGS data of off-target sites for liver DNA samples isolated from adult mice 16 weeks after vector treatment. Cumulative indel mutations within the protospacer region were plotted for each off-target locus in the targeted group (n = 5) compared to untreated mice (n = 3). (B) NGS data of off-target sites for liver DNA samples isolated from newborn mice 14 weeks after vector treatment. Cumulative indel mutations within the protospacer region were plotted for each off-target locus in the targeted group (n = 5) compared to untreated mice (n = 3). Means ± SEM are shown.

Meanwhile, AAV, which we used to deliver gene integration elements for hepatocyte stable hFIX expression, might contribute to immune and genome toxicity. Hence, we evaluated liver toxicity in animals treated with the dual AAV system. Histological analysis of adult livers harvested 16 weeks following the dual AAV system revealed no change in pathology ([Figure 5](#fig5){ref-type="fig"}A). Detailed analysis of transaminase levels (both alanine \[ALT\] and aspartate \[AST\] aminotransferases) did not show a toxicity effect ([Figures 5](#fig5){ref-type="fig"}B and 5C). The differences of SpCas9 mRNA and DNA levels were insignificant in targeted and untargeted groups ([Figures 5](#fig5){ref-type="fig"}D and 5E). Western blot and qPCR analysis showed similar Alb protein and mRNA levels in untreated, untargeted, and targeted mice ([Figures 5](#fig5){ref-type="fig"}F and 5G). Similar studies were conducted on treated newborn mice ([Figures 5](#fig5){ref-type="fig"}H--5N). SpCas9 mRNA/vector copy decreased to very low but still detectable levels over time ([Figures 5](#fig5){ref-type="fig"}K and 5L). In conclusion, our *hFIX* specific integration approach for hemophilia B treatment had therapeutic benefits for both adult and neonatal mice, and without significant off-target and toxicity effects.Figure 5Liver Function Tests and Toxicity Examination in Adult and Newborn Animals Treated with Dual AAV8 Vectors(A) Histological analysis by hematoxylin and eosin stain on adult livers harvested 16 weeks following dual vector treatment. Scale bar, 100 μm. (B and C) Liver transaminase (B, ALT; C, AST) levels in untreated hemophilia B mice (n = 3) or 16 weeks following targeted vector (n = 5) and untargeted vector (n = 5) treatment. (D) Quantification of SpCas9 mRNA levels in liver isolated from adult mice 16 weeks after vector treatment by qPCR. (E) Quantification of SpCas9 vector genome in liver from adult treatment group by qPCR. (F) Western blot analysis. Liver lysates were prepared from adult untreated or hemophilia B mice treated with the dual AAV vectors for detection of Alb protein. (G) Quantification of *Alb* mRNA in the liver by qPCR. (H) Histological analysis by hematoxylin and eosin stain on newborn livers harvested 14 weeks following dual vector treatment. Scale bar, 100 μm. (I and J) ALT and AST levels in untreated hemophilia B mice (n = 5) or newbron mice 14 weeks after targeted vector (n = 5) and untargeted vector (n = 5) treatment. (K) Quantification of SpCas9 mRNA levels in liver isolated from newborn mice 14 and 48 weeks after vector treatment by qPCR. (L) Quantification of SpCas9 vector genome in liver from newborn treatment group by qPCR. (M) Western blot analysis. Liver lysates were prepared from untreated or newborn hemophilia B mice treated with the dual AAV vectors for detection of Alb protein. (N) Quantification of *Alb* mRNA in the liver by qPCR in newborn treatment group. Means ± SEM are shown. Dunnett's test. ∗p \< 0.05, ∗∗p \< 0.01. n.s., not significant.

Discussion {#sec3}
==========

In our previous work, we had successfully corrected the OTC mutation in newborn livers by CRISPR-Cas9-mediated HDR.[@bib10] This strategy is appropriate for diseases induced by single nucleotide mutation; however, for scattered genetic mutations, it seems unpractical to apply one vector to all abnormal genomic phenomena; hence, we aimed to develop a more general approach for genetic deficiencies. In this study, we applied a dual AAV system-mediated gene integration strategy to stably express hFIX in adult and neonatal hemophilia B mice. In order to make SpCas9 compatible with the capacity of AAV, we applied an engineered truncated liver-specific promoter so that AAV8.SpCas9 was limited to 4.98 kb without influencing efficiency of genome editing. In addition, we also optimized the sequences of splice acceptor (SA) for efficient gene expression. According to the results of targeted mice, *hFIX* was efficiently integrated in *mAlb* intron 1 through Cas9-induced genome editing. We found that hFIX could be efficiently expressed in the plasma along with the recovery of coagulation function. In addition, treated mice could survive after two-thirds partial hepatectomy without influencing hFIX expression.

In recent decades, AAV-mediated gene therapies have shown promise in curing hemophilia B.[@bib14], [@bib15], [@bib16], [@bib17] A single dose of AAV8-mediated FIX expression could restore 2%--11% of normal levels[@bib18] and sustained for more than 3 years.[@bib19] In addition, preclinical and clinical trials showed a sustained expression of hFIX of 6.7 ± 1.0 years, which supposed a part of integration.[@bib20] By delivering the hyperactive FIX variant, FIX activity could achieve in the range of 30%--40% of normal.[@bib2] However, due to the non-integrated character, in most cases the expression of FIX levels in humans would reduce over time.[@bib18]^,^[@bib19]^,^[@bib21] For liver-targeted gene therapy, the vector genome could be lost over time during hepatocyte turnover, which might lead to a gradual decline of therapeutic effects. Hence, the strategy of site-specific integration was developed. Targeting intron 1 of *FIX* through AAV-loaded genome-editing tool-mediated HDR could yield therapeutic levels of gene expression in hemophilia B mice.[@bib22]^,^[@bib23] Another approach without nuclease aimed at integrating a 2A-peptide sequence in the last exon of Alb before the stop codon.[@bib24] Recently, we incorporated the *hFIX* partial cDNA with a hyperactive Padua mutation into the 5′ end of mouse *FIX* exon 2 to apply the endogenous *FIX* promoter permanently expressing the FIX protein.[@bib6] The "promoterless" method without nuclease or with the endogenous promoter *in situ* ensured a favorable safety profile to a certain degree. However, the efficiency of HDR is usually quite low, resulting in a limited number of modified cells.[@bib25] Utilizing the strong *Alb* promoter, one study focused on ZFN-mediated integration in intron 1 of the *Alb* gene.[@bib11] However, the mechanism of ZFN is DNA-protein binding; carrier construction is complex and time-consuming.[@bib26] In addition, the efficiency of this ZFN-mediated gene integration was no more than 2% on the mRNA level in Sharma et al.'s[@bib11] work. For a simpler and more effective treatment strategy, we applied CRISPR-Cas9-induced *hFIX* integration targeting *mAlb*. In treated newborn mice, circulating hFIX protein levels could plateau at 120% of the normal level, which was 10-fold higher than our previous work ([Figure 2](#fig2){ref-type="fig"}C). The hyperactive Padua mutation increased the hFIX protein activity. In our results by applying a lower dose, hFIX activity was above the normal level in both adult and newborn groups ([Figures 2](#fig2){ref-type="fig"}B and 2D), which was also higher than found in our previous work.[@bib6] In addition, the targeting efficiencies in adult (\~4%) and newborn (\~11%) treated mice were much higher than those in studies by Ohmori et al.[@bib23] and Barzel et al. (\~0.5%). Because of the high transcription activity of Alb, this "safe harbor" versatile platform could express various proteins and substituted the donor for each respective therapeutic transgene. Thus, our strategy could be applied for nearly all hemophilia B patients, including those with mutations in the *FIX* promoter or in the 5′ end of the FIX coding sequence.[@bib27] Additionally, our therapeutic strategy could be widely used in other genetic diseases through specific integration sites of the remedial gene. While intron 1 of the *Alb* locus is an attractive locus for gene integration, this locus might not be applied to non-secreted therapeutic proteins. We noticed that our method may have the risk to change Alb gene expression after successful targeted gene integration. Thus, we detected the expression of wild-type Alb protein and mRNA levels. Perhaps because of the Alb homeostasis,[@bib28] we found that the total expression level of Alb did not change significantly after genome editing ([Figures 5](#fig5){ref-type="fig"}F, 5G, 5M, and 5N).

For genome editing-mediated gene therapy, the off-target effect must be concerned for avoiding unwanted mutation-induced limitation of clinical application. In this study, we estimated the *in vivo* treatment specificity of sgRNA4 via NGS validation of the top 10 potential off-target sites identified by a computer algorithm. Besides efficient on-target editing, we did not detect any off-target effect, confirming the high specificity of sgRNA4. As the CRISPR system shows substantial promise for human gene therapy, Akcakaya et al.[@bib29] described a highly sensitive strategy that could robustly identify genome-wide CRISPR-Cas nuclease off-target effects *in vivo*. The detection of a genome-wide off-target effect is necessary for clinical application. In our preceding research, we increased donor AAV vector dose up to 1.5 × 10^13^ GC/mouse with the result of elevated hFIX level no more than \~20% of normal.[@bib6] Such a high dose of the vector might increase the risk of immune responses in a clinical application. Note that host immune responses induced by editing nucleases and viral vectors might attenuate the therapeutic effect and lead to unexpected adverse results.[@bib30] In an *in vitro* model of canine hemophilia B, an all-in-one single adenoviral system containing all the functional editing elements was confirmed to achieve higher efficiency than a two-vector system.[@bib31] However, the adenovirus was associated with strong immunity and fatal systemic inflammation.[@bib32] Although AAV has low immunogenicity, researchers had found that high-dose intravenous AAV gene therapy administration would lead to severe toxicity affecting liver in nonhuman primates (NHPs) and piglets.[@bib33] Our targeted gene integration strategy could achieve stable and complete normalization of hemostasis in both adult and newborn hemophilia B mice while the vector doses used in this study were lower than those used in Sharma et al.'s[@bib11] gene integration therapy study and in our previous work.[@bib6] Our efficient therapy strategy with lower vector dose might be more applicable in the clinical state. In addition, without genome-editing nucleases, AAV-mediated NHP fetal gene therapy also showed long-term treatment effects.[@bib34], [@bib35], [@bib36] The expression of FIX was sustained in the absence of toxicity.[@bib35]^,^[@bib36] These NHP studies by fetal organ-targeted gene therapy provided another strategy for hemophilia B long-term therapeutic effects without immune response. Although AAV has the character of non-integration, genome toxicity is still a concern. AAV could be integrated into the host genome, albeit at a very low frequency compared to that of lentivirus.[@bib37]^,^[@bib38] Some murine studies have documented that AAV-mediated gene therapy could result in insertional mutagenesis.[@bib39]^,^[@bib40] Hanlon et al.[@bib41] found high levels of AAV vector integration into CRISPR-induced DSBs. Deep sequencing could be a powerful method for validated measurement of AAV integration frequencies.[@bib42]^,^[@bib43] We found different parts of the AAV vector sequences inserted into DSBs in our previous work.[@bib6] Due to the limitation of amplicon sequencing method in this study, we could not determine the extent of vector sequence integration around target region. There is the possibility that some hFIX expression is derived from the donor vector inserted by non-homologous end joining (NHEJ) rather than HDR. Further studies are necessary to detect the NHEJ-mediated integration of the gene-targeting vector. Moreover, site-specific gene integration might influence the protein expression of the targeted locus. In this context, animals treated with dual AAV did not show abnormal liver function, and Alb expression interference was not observed ([Figure 5](#fig5){ref-type="fig"}), implying the safety of our dual AAV system for clinical use. We advocate that further studies are necessary to ensure the safety of our therapeutic strategy in the clinical transformation.

In summary, based on our previous work, we have extended the use of the dual AAV system. Through the liver-targeted genome-editing strategy of gene integration at the *mAlb* locus, we achieved the recovery of hFIX expression levels and improvement in the coagulation function in newborn and adult hemophilia B mice models through lower vector dose. We should recognize that the efficacy of genome editing is still lower than the efficacy of vector transduction in gene addition therapy. Nevertheless, our strategy could permanently recover FIX expression, and this strategy is potentially useful for mutation position-specific and other genetic diseases. The robust and sustained gene expression was clinically beneficial and could be developed into a universal genome-editing tool for life-saving therapy.

Materials and Methods {#sec4}
=====================

Plasmid Construction and AAV Vector Production {#sec4.1}
----------------------------------------------

Four 20-nt target sequences preceding a 5′-NGG protospacer-adjacent motif (PAM) sequence located in the *mAlb* intron 1 were selected. These sequences were cloned into pX330.hSpCas9 plasmid (Addgene plasmid \#42230). The sequences of sgRNAs and primers are described in [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}. The AAV *mAlb* gene-targeting vector contains (1) the U6-mAlb sgRNA4 that specifically targets a region in intron 1 of *mAlb*, (2) an optimized SA sequence derived from the hFIX gene followed by hFIXco-Padua,[@bib12] and (3) the bGH poly(A) flanked by 0.5 kb on left side and 0.7 kb on right side. The untargeted vector lacks the protospacer sequence from the U6-mAlb sgRNA4 element. The SpCas9 expression AAV vector system consists of TBG-S1,[@bib13] an engineered truncated liver-specific promoter, and SpCas9 cDNA. Final AAV production plasmids were generated using an EndoFree Plasmid Megaprep kit (QIAGEN, Hilden, Germany).

AAV vectors used in [Figure 1](#fig1){ref-type="fig"}C were generated by triple plasmid transfection of human embryonic kidney 293 cells (ATCC, Manassas, VA, USA). All AAV8 vectors were produced as previously described.[@bib44] The genome titer (GC/mL) of AAV vectors was carried out by qPCR (Roche, catalog no. 06402682001). qPCR was performed to measure AAV8.SpCas9 genome titer using forward primer 5′-GGACCAGGAACTGGACATCA-3′, reverse primer 5′-TCGATGGAGTCGTCCTTCAG-3′, and probe 5′-Fam-CCACATCGTAGTCGGACAGCCGGT-Tamra-3′. The genome titer of AAV8.sgRNA.donor and AAV8.control.donor was measured using forward primer 5′-GCCAGCCATCTGTTGT-3′, reverse primer 5′-GGAGTGGCACCTTCCA-3′, and probe 5′-Fam-TCCCCCGTGCCTTCCTTGACC-Tamra-3′.

Cell Culture and Transfection {#sec4.2}
-----------------------------

H2.35 cells (ATCC) were maintained in DMEM medium supplemented with 10% fetal bovine serum (FBS) cultured at 37°C with 5% CO~2~. For target validation, plasmid containing SpCas9 and sgRNA was cotransfected with plasmid expressing GFP and puromycin resistance into H2.35 cells using the TranslT-X2 system (Mirus, Marietta, GA, USA) per the manufacturer's recommendations. Transfected cells were under puromycin (1 μg/mL) selection for 24 h to enrich transfected cells.

Animal Experiments {#sec4.3}
------------------

Hemophilia B mice (B6.129P2-*F9*^*tm1Dws*^/J) were obtained from The Jackson Laboratory (Sacramento, CA, USA). Mating cages were monitored daily for births. Newborn postnatal day 2 (P2) male mice received a temporal vein injection of a mixture of two AAV vectors at a volume of 50 μL. Plasma samples for hFIX assays were obtained by retro-orbital bleeding 4 weeks after vector treatment, and every 2--4 weeks afterward. A two-thirds partial hepatectomy was performed on a subset of targeting vector-treated hemophilia B mice 14 weeks after AAV injection. A subset of mice treated with control vector was sacrificed at 14 weeks after AAV injection and liver tissues were harvested as controls. The rest of mice were sacrificed 48 weeks post-injection. In the adult mouse study, 8- to 10-week-old hemophilia B male mice received a mixture of two AAV vectors via the tail vein. Mice were bled at various time points starting 1 week post-injection. Mice were sacrificed 16 weeks post-injection. All animal protocols were approved by the Institutional Animal Care and Concern Committee at Sichuan University, and animal care was in accordance with the committee's guidelines.

On- and Off-Target Mutagenesis Analysis {#sec4.4}
---------------------------------------

Genomic mutations at the Alb locus *in vitro* were detected using the Surveyor nuclease assay (Integrated DNA Technologies, Coralville, IA, USA). Genomic DNA from the H2.35 mouse cell line by transient transfection was isolated by QuickExtract solution (Epicentre Biotechnologies, Madison, WI, USA) for *in vitro* validation of each sgRNA. Loci were amplified through nested PCR amplifications using Q5 high-fidelity DNA polymerase (NEB, Ipswich, MA, USA). Equal amounts of test and reference PCR products were denatured and re-annealed using a thermal cycler, and then treated with Surveyor nuclease. DNA fragments were analyzed by 4%--20% gradient polyacrylamide TBE gel (Thermo Fisher Scientific, Invitrogen, catalog no. EC62255BOX) electrophoresis.

On- and off-target mutagenesis analysis *in vivo* was detected by NGS. *In vivo* genome-editing efficiency was measured on mice liver tissues 14, 16, and 48 weeks following vector administration. Genomic DNA was extracted by a genome extraction kit (TIANGEN Biotech (Beijing), catalog no. DP304-02). After nest PCR amplification with primers flanking the on- and off-target loci, PCR products were used for an NGS assay. Indel analyses were performed on NGS of the PCR amplicons. The most likely off-target sites were determined using the algorithm described in the Benchling website (<https://www.benchling.com>), referred to as OT1 through OT10. Purified PCR fragments were subjected to NGS. Libraries were made from the second PCR products and sequenced on Illumina MiSeq (2 × 300-bp paired end, Personal Biotechnology, Shanghai, China). Data were processed according to standard Illumina sequencing analysis procedures. Processed reads were mapped to the expected PCR amplicons as reference sequences using custom scripts. Reads that did not map to the reference were discarded. Indels were determined by comparison of reads against reference using custom scripts. All candidate indels for OT1 through OT10 sites were manually curated for confirmation. The oligonucleotide primer sequences used to detect mutations are presented in [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

hFIX Antigen and Activity {#sec4.5}
-------------------------

hFIX protein levels in the plasma were quantified by an ELISA kit (Affinity Biologicals, Ancaster, ON, Canada) and are shown as a percentage of normal level according to the manufacturer's protocol. FIX activity was measured by one-step aPTT using a SCA2000 veterinary coagulation analyzer (Diagnostica Stago, Parsippany, NJ, USA) according to the instructions of the manufacturer. A standard curve was generated using factor assay control plasma (FACT, George King Bio-Medical) in FIX-deficient plasma (Instrumentation Laboratory, catalog no. 0020011900). FACT was calibrated using a reference standard (i.e., the fourth World Health Organization \[WHO\] International Standard NIBSC code 07/182). Samples were compared to the standard curve to obtain the relative activity of hFIX. Samples were diluted 2- to 50-fold in FIX-deficient plasma to obtain levels within the interpretable range.

Western Blot {#sec4.6}
------------

Western blot analyses were performed on liver lysates. Alb protein was detected by rabbit polyclonal antibody (1:10,000 dilution, Proteintech, catalog no. 16475-1-AP). Rabbit anti-GAPDH antibody (1:100,000 dilution, ABclonal, catalog no. AC001) was used to detect GAPDH. Blots were imaged and analyzed by an iBright CL1000 imaging systems (Thermo Fisher Scientific, Invitrogen).

Gene Expression Analysis and qPCR {#sec4.7}
---------------------------------

RNA was isolated from liver using TRIzol (Thermo Fisher Scientific, Invitrogen, catalog no. 15596018). High-capacity cDNA produced from a PrimeScript RT reagent kit (Takara, catalog no. RR047A) served as a template for qPCR assays (Roche, catalog no. 06402712001). We measured SpCas9, GAPDH, wild-type *mAlb*, and chimeric *m-hFIX* using gene-specific forward and reverse primers. Gene expression levels were normalized to GAPDH levels. The percentage of chimeric *m-hFIX* mRNA on-target was calculated as the ratio between the abundance of template for chimeric *m-hFIX* to the abundance of template for wild-type *mAlb*. For untreated controls, no qPCR signal was detected with primers for chimeric *m-hFIX*. DNA purified from untargeted and targeted mice livers served as templates for SpCas9 copy number assay. We quantified the abundance of mouse genomes using SpCas9 primers and was calculated using its standard curve, which was performed by the packing plasmid of AAV8.SpCas9. The sequences of primers are presented in [Table S2](#mmc1){ref-type="supplementary-material"}.

Gene Targeting Efficiency Analysis {#sec4.8}
----------------------------------

HDR-mediated integration of the *hFIX* into the *mAlb* locus was quantified by LM-PCR coupled with NGS ([Figure S2](#mmc1){ref-type="supplementary-material"}). 1 μg of genomic DNA was digested with 20 U of XbaI for 4 h at 37°C to produce fragments of similar sizes and the same sticky ends from both targeted and wild-type alleles. Digested DNA was purified with Agencourt AMPure XP beads (Beckman Coulter, catalog no. A63880) at a 2× ratio and eluted in 20 μL of elution buffer (QIAGEN, Hilden, Germany). Purified DNA was quantified using the Quant-It PicoGreen double-stranded DNA (dsDNA) assay (Thermo Fisher Scientific, Invitrogen). In all, a total of 180 ng of purified DNA was ligated to an XbaI-compatible linker. Ligated DNA was purified with AMPure XP beads at a 0.9× ratio and eluted in 15 μL of elution buffer. Linker ligation was followed by three-step nested PCR. DNA was amplified by touchdown PCR using Q5 high-fidelity DNA polymerase. The PCR program consisted of one cycle of 95°C for 5 min; 15 cycles of 95°C for 30 s, 70°C for 2 min (−1°C per cycle), 72°C for 1.5 min; and 15 cycles of 95°C for 30 s, 55°C for 1 min, and 72°C for 1.5 min. PCR product was purified with AMPure XP beads at a 0.9× ratio and eluted in 15 μL of elution buffer. The third PCR product was purified and analyzed by NGS. We analyzed the mapped reads to calculate the ratio of reads containing the expected hFIXco sequence and total mapped reads, and defined it as HDR-mediated gene-targeting efficiency. The sequences of primers and oligonucleotides are presented in [Table S2](#mmc1){ref-type="supplementary-material"}.

Liver Immunofluorescence, Histopathology {#sec4.9}
----------------------------------------

Liver lobes were collected from mice, rinsed in ice-cold phosphate-buffered saline (PBS), blotted dry, mounted in OCT, and frozen in a liquid nitrogen-cooled isopentane bath. Samples were placed at −80°C until sectioning. In all samples, a minimum of two liver sections from varying depths were cut at 5 μm and mounted onto positively charged glass slides. Frozen sections were thawed to room temperature and fixed in 4% paraformaldehyde (all solutions in PBS) for 10 min. Slides were then washed three times in PBS for 5 min. Sections were then blocked with 1% donkey serum containing 0.2% Triton X-100 for 30 min at room temperature in a humidified chamber. Serum was removed and slides were incubated with 100 μL of goat anti-human FIX immunoglobulin G (IgG) primary antibody (Affinity Biologicals, catalog no. GAFIX-AP) at 1:100 in PBS containing 1% donkey serum for 1.5 h and then washed three times in PBS for 5 min. Slides were then incubated with 100 μL of donkey anti-goat IgG secondary antibody (Abcam, catalog no. ab150132) at 1:100 in PBS containing 1% donkey serum for 40 min and then washed three times in PBS for 5 min. Slides were mounted with 100 μL of DAPI nuclear counterstain and covered with a coverslip. Images were overlaid by Adobe Photoshop CS6.

To quantify percentages of hFIX-expressing hepatocytes, five random images were taken with a 10× objective from each liver section stained for hFIX expression. Using ImageJ software (W.S. Rasband, National Institutes of Health, USA; <https://imagej.nih.gov/ij/>), images were thresholded for hFIX-positive area (i.e., the hFIX-positive area was selected), and the percentage of the hFIX-positive area was determined for each image. In a second measurement the images were for "empty" area (e.g., veins and sinusoids) to determine the percentage of the area not occupied by liver tissue. This was possible as a result of the presence of weak background fluorescence of the liver tissue. The final percentage of hFIX-positive liver tissue (i.e., hFIX^+^ hepatocytes) was then calculated per adjusted area (total area minus empty area), and the values were averaged for each liver.

For histologic examination, liver lobes were collected from mice, rinsed in ice-cold PBS, blotted dry, and fixed in 4% paraformaldehyde. These fixed liver samples were embedded by paraffin and performed on sections. Hematoxylin and eosin (H&E) staining was performed on these processed sections according to standard protocols. Sections were analyzed for any abnormalities compared to livers from untreated animals.

Assessment of Plasma Liver Enzymes {#sec4.10}
----------------------------------

Serum ALT and AST measurements were performed on mouse serum obtained via retro-orbital bleeding and analyzed by WestChina-Frontier PharmaTech (Chengdu, China).

Statistical Analysis {#sec4.11}
--------------------

Graphpad Prism was used to perform all statistical tests. Values express mean ± SEM. Statistical analysis was by a Dunnett's test, as indicated in the figure legends. In all tests, p \<0.05 was considered significant.
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